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The Dirac equation is extended for a relativistic electron in an orthorhombically-anisotropic con-
duction band. Its covariance is established with general proper and improper Lorentz transforma-
tions. In the non-relativistic limit, the kinetic and Zeeman energy terms of the Hamiltonian are
both determined by the same three effective masses, and the quantum spin Hall effect is derived.
This has important consequences for magnetic measurements of many classes of clean anisotropic
semiconductors, metals, and superconductors. The Zeeman energy is vanishingly small for magnetic
fields parallel to clean monolayers and in all directions in quasi-one-dimensional materials.
PACS numbers: 05.20.-y, 75.10.Hk, 75.75.+a, 05.45.-a
INTRODUCTION
In semiconductors such as Si and Ge, and in metallic
Bi, the lowest energy conduction bands have ellipsoidal
symmetry, with ǫ0(p) =
∑3
i=1 p
2
i /(2mi) about some
point in the first Brillouin zone. [1–3] The normal state
of the high-temperature superconductor YBa2CuO7−δ is
metallic in all three orthorhombic directions [4, 5], so
that it is reasonable to assume its ǫ0(p) has that form,
with m3 ≫ m1,m2. But as the planar 63Cu Knight
shift measurements on that material showed anomalous
temperature-independent behavior through the super-
conducting state for the applied magnetic field H ||cˆ [6],
and the apparent incompatibility of Knight shift mea-
surements with scanning tunneling measurements of the
superconducting gap in Sr2RuO4 [7, 8], the need for an
improved theory of the Knight shift that incorporates the
orbital and spin components of the motion of the conduc-
tion electrons is sorely needed [9, 10]. In addition, upper
critical field Hc2,||(T ) measurements of superconducting
single-layer doped transition metal dichalcogenides and
possibly also of twisted graphene bilayers provided evi-
dence for an apparent violation of the Pauli limit for the
applied field parallel to the superconducting layer or bi-
layers [11–16], even though the standard theory assumed
such violation to strong spin-orbit scattering [17].
Since such materials can now be prepared in the clean
limit [16], it is important to reassess the effect of the
crystal anisotropy upon the Landau orbits and Zeeman
energies. Here we present a theory of a relativistic elec-
tron in an orthorhombically anisotropic conduction band,
and demonstrate its covariance by its invariance under
the most general proper Lorentz transformation, and ar-
gue for its invariance under the improper transformations
of parity, charge conjugation, and time reversal. The
Foldy-Wouythuysen transformation is used to evaluate
the non-relativistic limit of this anisotropic Hamiltonian
to order (mc2)−2. In two spatial dimensions, the Zee-
man interaction only exists for the magnetic induction
B normal to the conducting plane. In one dimension,
there is no Zeeman interaction. These results lead to the
absence of Pauli limiting of Hc2,||(T ) in clean ultrathin
superconductors, as observed recently [11–16]. They also
have profound implications for interpretations of Knight
shift measurements on highly anisotropic superconduc-
tors such as Sr2RuO4 and (TMTSF)2PF6 [7, 9, 10, 18].
For a relativistic electron of rest mass m and charge
−|e|, the kinetic energy part of the Hamiltonian is given
by T =
√
(p+ eA)2c2 +m2c4, where A is the mag-
netic vector potential. Dirac first noted that with p →
−ih¯∇, the kinetic energy part of the Schro¨dinger equa-
tion Tψ = ih¯∂ψ∂t , when squared, T
2ψ = −h¯2 ∂2ψ∂t2 , recov-
ered the Klein-Gordon equation, the wave equation for a
free particle of charge −|e| and mass m [19, 20]. He then
showed that it could also be recovered by choosing the
linearized Hamiltonian H of the form [19, 20]
ih¯
∂ψ
∂t
=
[
cα ·
( h¯
i
∇+ eA
)
+ βmc2
]
ψ ≡ Hψ. (1)
Dirac required {αµ, αν} = 2δµν in contravariant form,
{αµ, β} = 0, β2 = 1, and for three spatial dimensions,
the αµ and β to be the traceless rank 4 matrices
αµ =
[
0 σµ
σµ 0
]
, β =
[
1 0
0 −1
]
, (2)
where the σµ are the Pauli matrices, and 1 implies the
rank 2 identity matrix[19, 20].
THE MODEL
However, for the conduction electrons in a large num-
ber of semiconductors, metals, and superconductors, the
single particle states in the primary conduction band or
bands are anisotropic, and the simplest expression for the
2anisotropic relativistic kinetic energy T˜ may be written
for orthorhombic anisotropy as
T˜ =
√√√√ 3∑
i=1
m(pi + eAi)2c2/mi +m2c4, (3)
where mi is the effective mass of the electron in the i
th
direction, eˆi = xˆ, yˆ, zˆ, and m is the electron rest mass.
For electrons in a conduction band of a semiconductor,
metal, or superconductor, mc2 is the large energy in H˜,
so that
∑3
i=1(pi + eAi)
2/mi ≪ mc2. The question of
how to treat the combined effects of the interactions of
an electron with an applied electric bmE and magnetic
B = ∇ × A fields while in an anisotropic medium has
long been of interest. Here we derive a fully relativistic
approach to the problem of an electron in an anisotropic
conduction band that provides the correct, self-consistent
form for the interaction of the conduction electrons with
a external fields in an anisotropic semiconductor, metal,
or superconductor.
In this anisotropic case, a relativistic electron in an
anisotropic environment of orthorhombic symmetry sat-
isfies the Schro¨dinger equation based upon the modified
Hamiltonian H˜ = T˜+V , where the electrostatic potential
energy V (r) = −eΦ(r) due to the electrostatic potential
Φ(r) is included, [20]
ih¯
∂ψ
∂t
=
[
cα˜ ·
( h¯
i
∇+ eA
)
+ βmc2 − eΦ
]
ψ = H˜ψ,(4)
where β is given in Eq. (2),
α˜µ =
[
0 σ˜µ
σ˜µ 0
]
, σ˜µ =
σµ√
m˜µ
(5)
for µ = 1, 2, 3, where m˜µ = mµ/m. We used subscripts
for the contravariant forms of the effective masses, in
order to avoid confusion with superscripts representing
exponents, which appear subsequently. The matrices sat-
isfy {α˜µ, α˜ν} = 2δµν/m˜µ, and {α˜µ, β} = 0.
From Eq. (4), it is easy to show the µth component of
the probability current for µ = 1, 2, 3 is jµ = ψ†α˜µψ, and
since ρ = ψ†ψ, the continuity equation ∂ρ∂t+
∂
∂xµ j
µ = ∂ρ∂t+
divj = 0, is still satisfied with effective mass anisotropy.
COVARIANT ANISOTROPIC DIRAC EQUATION
In order to demonstrate the Lorentz invariance of this
anisotropic Dirac equation, we multiply its contravariant
form, Eq. (4), by β,
γ˜0 = β =
[
1 0
0 −1
]
, γ˜µ = βα˜µ =
[
0 σ˜µ
−σ˜µ 0
]
, (6)
for µ = 1, 2, 3. The γ˜µ for µ = 1, 2, 3 satisfy the anticom-
mutation relations
{γ˜µ, γ˜ν} ≡ 2gµνδµν = −2δ
µν
m˜µ
(7)
where γ˜0 is hermitian so that (γ˜0)2 = 1, the γ˜µ for µ =
1, 2, 3 are antihermitian, and the metric g˜ is given by
g˜ =


1 0 0 0
0 −m˜−11 0 0
0 0 −m˜−12 0
0 0 0 −m˜−13

 . (8)
We then may use the Feynman slash notation [20],
/˜∇ = γ˜µ ∂
∂xµ
=
γ˜0
c
∂
∂t
+ γ˜ ·∇,
/˜A = γ˜µAµ = γ˜
0A0 − γ˜ ·A, (9)
to write the anisotropic Dirac equation in covariant form,
(ih¯ /˜∇+ e /˜A−mc)ψ = 0. (10)
In the following, we demonstrate that the norm for
a relativistic electron in an orthorhombically anisotropic
conduction band with metric g˜ given by Eq. (8) is indeed
invariant under the most general proper Lorentz trans-
formation A˜, find the matrix form of A˜, and show that it
has O(3,1) symmetry, as for the isotropic case. Examples
of general rotations and general boosts are given. Im-
proper Lorentz transformations such as reflections, par-
ity, charge conjugation, and time inversion can be treated
exactly as for the isotropic Dirac equation [20, 21].
PROOF OF COVARIANCE
For a general proper Lorentz transformation in a rel-
ativistic orthorhombic system, x′ = a˜x, where x′ and
x are column (Nambu) four-vectors and a˜ is the appro-
priate proper anisotropic Lorentz transformation, which
is to be found based upon symmetry arguments. We
require the norm with g˜ to be invariant under all pos-
sible Lorentz transformations [21] (x, g˜x) = (x′, g˜x′), or
xT g˜x = (x′)T g˜x′, where xT is the transpose (row) form of
the four-vector x and g˜ is given by Eq. (8). We then have
xT g˜x = (x′)T g˜x′ = xT a˜T g˜a˜x, which implies g˜ = a˜T g˜a˜.
As for the isotropic case, we assume a˜ = eL˜, so that
a˜T = eL˜
T
, and a˜−1 = e−L˜. Then from g˜ = a˜T g˜a˜, we
have g˜a˜−1 = a˜T g˜ and hence that a˜−1 = g˜−1a˜T g˜. We
then may rewrite this as
e−L˜ = g˜−1eL˜
T
g˜ = eg˜
−1L˜T g˜. (11)
Taking the logarithm of both sides, we obtain −L˜ =
g˜−1L˜T g˜, or that −g˜L˜ = L˜T g˜ = (g˜L˜)T , which requires
g˜L˜ to be antisymmetric. We then write [21]
L˜ =


0 −ζ1√
m˜1
−ζ2√
m˜2
−ζ3√
m˜3
−ζ1
√
m˜1 0
ω3
√
m1√
m2
−ω2√m1√
m3
−ζ2
√
m˜2
−ω3√m2√
m1
0
ω1
√
m2√
m3
−ζ3
√
m˜3
ω2
√
m3√
m1
−ω1√m3√
m2
0


,
3(12)
for which g˜L˜ is easily shown to be antisymmetric.
We may then write
L˜ = −ω · S˜ − ζ · K˜, (13)
where
K˜1 =


0 m˜
−1/2
1 0 0
m˜
1/2
1 0 0 0
0 0 0 0
0 0 0 0

 , (14)
K˜2 =


0 0 m˜
−1/2
2 0
0 0 0 0
m˜
1/2
2 0 0 0
0 0 0 0

 , (15)
K˜3 =


0 0 0 m˜
−1/2
3
0 0 0 0
0 0 0 0
m˜
1/2
3 0 0 0

 , (16)
S˜1 =


0 0 0 0
0 0 0 0
0 0 0 −
√
m2
m3
0 0
√
m3
m2
0

 , (17)
S˜2 =


0 0 0 0
0 0 0
√
m1
m3
0 0 0 0
0 −
√
m3
m1
0 0

 , (18)
S˜3 =


0 0 0 0
0 0 −
√
m1
m2
0
0
√
m2
m1
0 0
0 0 0 0

 . (19)
It is easy to show that
[
S˜i, S˜j
]
= ǫijkS˜k,
[
K˜i, K˜j
]
=
−ǫijkS˜k, and
[
S˜i, K˜j
]
= ǫijkK˜k, so the anisotropic
Lorentz transformation matrix L˜ has SL(2,C) or O(3,1)
group symmetry, precisely as for the isotropic case [21].
We now show some examples. We first define ω =√
ω21 + ω
2
2 + ω
2
3 and then write
Ai = cosω +
ω2i
ω2
(1 − cosω), (20)
B±ijk =
(mi
mj
)1/2[ωiωj
ω2
(1− cosω)± ωk
ω
sinω
]
. (21)
Then, for the general rotation case, we have
e−ω·S˜ =


1 0 0 0
0 A1 B
+
123 B
−
132
0 B−213 A2 B
+
231
0 B+312 B
−
321 A3

 , (22)
the determinant of which is 1, as required for a rotation.
For the general boost case, we first set ζ = βˆ tanh−1 β,
where β = v/c, v is the electron’s velocity, and define
ζ =
√
ζ21 + ζ
2
2 + ζ
2
3 , cosh ζ = γ =
1√
1−β2
, sinh ζ = γβ,
and β =
√
β
2
1 + β
2
2 + β
2
3, as for the isotropic case [21].
Then we define
C±i = −γβim˜±1/2i , (23)
Di = 1 +
(γ − 1)β2i
β
2
, (24)
Eij = (γ − 1)
βiβj
β
2
(mi
mj
)1/2
. (25)
Then for the general boost case, we have [21]
e−ζ·K˜ =


γ C−1 C
−
2 C
−
3
C+1 D1 E12 E13
C+2 E21 D2 E23
C+3 E31 E32 D3

 , (26)
the determinant of which is also 1, as required.
Hence the local anisotropic Dirac equation in its co-
variant form, Eq. (10), is invariant under the most gen-
eral proper Lorentz transformation. As argued in the
following, it is also invariant under all of the relevant
improper Lorentz transformations: reflections or parity,
charge conjugation, and time reversal. Those operations
are precisely the same as for the isotropic covariant Dirac
equation [20].
Improper Lorentz transformations are represented by
rank-4 matrices b satisfying det(b) = −1. As for the
isotropic case, reflections require x′ = −x and t′ = t,
so that b is a diagonal rank-4 matrix with b00 = 1 and
bµµ = −1 for µ = 1, 2, 3, which is identical to g˜ in the
isotropic limit m˜µ → 1 for µ = 1, 2, 3 [20]. Reflections
can then be represented by a unitary matrix P satisfying
P−1γ˜µP = bµµγ˜µ, (27)
which is satisfied for
P = eiφγ˜0, (28)
where the phase factor φ = nπ/2 for integer n, so
that four reflections leaves ψ invariant, as for a rota-
tion through 4π about the quantization axis of a spin
1/2 spinor. We also have that PΦ(x, t) = Φ′(x′, t) =
Φ(x, t) is even under parity, and PA(x, t) = A′(x′.t) =
−A(x, t) is odd under parity. This is exactly the same
as for the isotropic Dirac equation.
With regard to charge conjugation, the hole wave func-
tion ψc in an anisotropic conduction band satisfies
(ih¯ /˜∇− e /˜A−mc)ψc = 0. (29)
As for the isotropic Dirac equation, this is accomplished
by taking the complex conjugate:
ψc = Cψ
T
, (30)
4where C = iγ2γ0. As for the isotropic Dirac equation,
charge conjugation in the anisotropic Dirac equation is
also given by C = iγ2γ0, so that
C−1γ˜µC = −γ˜µT . (31)
This works precisely the same as for the isotropic Dirac
equation.
As for time reversal, we have the properties that if
t′ = −t, we have
ψ′(t′) = Tψ∗(t), (32)
where for the isotropic Dirac equation,
T = iγ1γ3. (33)
For the anisotropic Dirac equation, the same definition of
T applies, so the invariance under time reversal is equiv-
alently established.
NON-RELATIVISTIC HAMILTONIAN
We used the Foldy-Wouthuysen transformations for
the anisotropic operator O = α˜ · (p+ eA) to obtain the
non-relativistic limit of Eq. (10) [20]. We find to order
(mc2)−2 that relative to βmc2, the Hamiltonian becomes
HNR =
3∑
i=1
[
β
( Π2i
2mi
+
µB
√
m˜iσiBi
(m˜g)3/2
)
+
µB
4mc2
1
m˜i
∂Ei
∂xi
)]
,
+
µB
4mc2(m˜g)3/2
3∑
µ,ν,λ=1
[(
2Eµ(pν + eAν) + i
∂Eµ
∂xν
)
×ǫµνλ
√
m˜λσλ
]
− eΦ, (34)
where Πi = pi + eAi, the geometric mean m˜g =
(m˜1m˜2m˜3)
1/3, µB =
eh¯
2m is the Bohr magneton in SI
units, ǫµνλ is the Levi-Civita symbol, and mi = mm˜i.
In this limit, the Hamiltonian for an electron is obtained
with β = 1. Although not included in that derivation
[20], A arises in this order, and leads to the quantum
spin Hall effect.
In the isotropic 3D limit with m˜i = 1, Eq. (34) reduces
to
HNR3D =
Π
2
2m
+ µBσ ·B − eΦ(r) + µB
4mc2
[
∇ ·E
+2E × (p+ eA) · σ − i(∇×E) · σ
]
. (35)
As noted long ago, for a spherically symmetric potential,
E = −rˆ ∂V∂r , the (E × p) · σ term reduces to spin-orbit
coupling, such as that in the hydrogen atom [20]. In
addition, for a 3D conduction band, the (E × A) · σ
term is the quantum spin Hall contribution, important
for applied fields E||H in thin films. We remark that it
is easy to show using the Klemm-Clem transformations
of Eq. (34) [5, 23], that the Zeeman energy for a non-
relativistic electron in an anisotropic 3D conduction band
is precisely one-half of the Landau level splitting for all
constant B directions.
LOW DIMENSIONAL CASES
Recently, Hc2,||(T ) measurements were made on mono-
layer or bilayer materials of transition-metal dichalco-
genides such as MoS2, WTe2, NbSe2 [11–16]. The re-
sults greatly exceeded the Pauli limit Bp, even though
the materials may not be Ising superconductors [14–16].
Here we present the limiting results from Eq. (34) for
2D and 1D conduction bands. For 2D films or monolay-
ers, we find
HNR2D =
Π21 +Π
2
2
2m
+ µBσ⊥B⊥ − eΦ(r||) +
µB
4mc2
[
∇|| ·E||
+2[E × (p+ eA)]⊥σ⊥ − i[∇×E]⊥σ⊥
]
. (36)
We note that for a 2D thin film, the only component of
the Zeeman energy is for the magnetic field normal to the
film. For applied fields E||H , A leads to the quantum
spin Hall effect. However, in 1D conductors, the non-
relativistic Hamiltonian reduces to
HNR1D =
Π2||
2m
− eΦ(r||) +
µB
4mc2
∂E||
∂x||
, (37)
where (Π1,Π2, r||) and (Π||, x||) respectively contain the
components of Π, defined following Eq. (34), and r in
2, and 1 dimensions. In 2D, the vector product can only
occur for the two vectors in the conducting plane, so
the only component of the Zeeman interaction is normal
to the 2D conduction plane. In 1D, there is no vector
product so there is no Zeeman interaction, as correctly
omitted in phenomenological Hc2 calculations [24] .
These results have drastic consequences for the upper
critical field Hc2 parallel to 2D thin film superconduc-
tors, especially in the clean limit, for which strong spin-
orbit scattering is unlikely to be able to explain the large
violations of the Pauli limit [17]. The results are also pro-
foundly important in the interpretation of Knight shift
measurements for applied magnetic fields parallel to the
layers of a layered superconductor or in any direction of
a quasi-one-dimensional superconductor. Without a Zee-
man interaction, there is no solid reason to believe that
the resonance frequency in such metals would be different
from that in the insulating state.
After this work was completed, we found that Eq. (34)
was derived previously using a different but equivalent
procedure. That work correctly noted that there would
be no Zeeman interaction in 1D, and the Zeeman inter-
action in 2D would only be normal to the conducting
plane [25]. But that paper did not discuss any aspects of
the covariance of the model, and also did not include the
E ×A · σ term in Eq. (34).
CONCLUSIONS
The Dirac equation is extended to treat a relativis-
tic electron in an orthorhombically anisotropic conduc-
5tion band. The norm for this model with metric g˜ is
invariant under the most general proper Lorentz trans-
formation A˜, the matrix representation of which exhibits
O(3,1) group symmetry, and this anisotropic Dirac equa-
tion is demonstrated to be covariant, precisely as for the
isotropic Dirac equation. This model applies to large
classes of anisotropic semiconductors, metals, and super-
conductors. The orbital and spin components of the 3D
non-relativistic Hamiltonian are intimately connected.
This model has profound consequences for the tem-
perature dependence of Knight shift measurements and
Pauli limiting effects upon Hc2 for H parallel to the low
mass direction(s) of clean, highly anisotropic supercon-
ductors. We encourage measurements at higher fields and
lower T values to confirm our prediction that Hc2,||(0)
could greatly exceed the standard Pauli limit in clean
monolayer and bilayer superconductors, such as gated
and pure transition metal dichalcogenides and twisted bi-
layer graphene [11–16]. Phenomenologically, the temper-
ature dependence of Hc2,||(T ) in monolayer superconduc-
tors should behave as in the Tinkham thin film model [5],
but a microscopic theory that does not involve spin-orbit
scattering or Ising pairing of Hc2,||(T ) in a clean two-
dimensional superconductor is sorely needed [11, 13, 17].
ACKNOWLEDGMENTS
This work was supported by the National Natural Sci-
ence Foundation of China through Grant no. 11874083.
AZ was also supported by the China Scholarship Council.
∗ ayzhao0909@knights.ucf.edu
† zhangjingchuan@outlook.com
‡ qgu@ustb.edu.cn, corresponding author
§ richard.klemm@ucf.edu, corresponding author
[1] M. L. Cohen and T. K. Bergstresser, Phys. Rev. 141, 789
(1966).
[2] G. D. Mahan, Condensed Matter in a Nutshell, (Prince-
ton University Press, Princeton, NJ, 2011).
[3] M. H. Cohen and E. I. Blount, Phil. Mag. 5, 115 (1960).
[4] T. A. Friedmann, M. W. Rabin, J. Gianpintzakis, J. P.
Rice, and D. M. Ginsberg, Phys. Rev. B 42, 6217 (1990).
[5] R. A. Klemm, Layered Superconductors, Volume 1 (Ox-
ford University Press, Oxford, UK and New York, NY,
2012).
[6] S. E. Barrett, D. J. Durand, C. H. Pennington, C. P.
Slichter, T. A. Friedmann, J. P. Rice, and D. M. Gins-
berg, Phys. Rev. B 41, 6283 (1990).
[7] K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayaa, Z. Q. Mao,
Y. Mori, Y. Maeno, Nature 396, 65 (1998).
[8] H. Suderow, V. Crespo, I. Guillamon, S. Vieira, F. Ser-
vant, P. Lejay, J. P. Brison, and J. Flouquet, New J.
Phys. 11, 93004 (2009).
[9] B. E. Hall and R. A. Klemm, J. Phys.: Condens. Matter
28, 03LT01 (2016).
[10] R. A. Klemm, Magnetochemistry 2018, 4, 14.
[11] X. Xi, Z. Wang, W. Zhao, J.-H. Park, K. T. Law, H.
Berger, L. Forro´, J. Shan, and K. F. Mak, Nat. Phys. 12,
139 (2016).
[12] Y. Saito, Y. Nakamura, M. S. Bahramy, Y. Kohama, J.
Ye, Y. Kasahara, Y. Nakagawa, M. Onga, M. Tokunaga,
T. Nojima, Y. Yanase, and Y. Iwasa, Nat. Phys. 12, 144
(2016).
[13] J. M. Lu, O. Zheliuk, I. Leermakers, N. F. Q. Yuan,
U. Zeitler, K. T. Law, and J. T. Ye, Science 350, 1353
(2015).
[14] V. Fatemi, S. Wu, Y. Cao, L. Bretheau, Q. D. Gibson,
K. Watanabe, T. Taniguchu, R. J. Cava, and P. Jarillo-
Herrero, Science 362, 926 (2018).
[15] E. Sajadi, T. Palomaki, /Z. Fei, W. Zhao, P. Rement, C.
Olsen, S. Luescher, X. Xu, J. A. Folk, and D. H.. Cobden,
Science 362, 922 (2018).
[16] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,
E. Kaxiras, and P. Jarillo-Herrero, Nature 536, 43
(2018).
[17] R. A. Klemm, A. Luther, and M. R. Beasley, Phys. Rev.
B 12, 877 (1975).
[18] I. J. Lee, S. E. Brown, W. G. Clark, M. J. Strouse, M.
J. Naughton, W. Kang, and P. M. Chaikin, Phys. Rev.
Lett. 88, 17004 (2002).
[19] P. A. M. Dirac, Proc. Roy. Soc. (London), A117, 610
(1928); ibid. A118, 351 (1928).
[20] J. D. Bjorken and S. D. Drell, Relativistic Quantum Me-
chanics (McGraw-Hill, New York, 1964).
[21] J. D. Jackson, Classical Electrodynamics, Third Ed. (Wi-
ley, Hoboken, NJ, 1999), Chapter 11.
[22] D. J. Griffiths and D. A. Schroeter, Introduction to Quan-
tum Mechanics, 3rd ed. (Cambridge University Press,
Cambridge, UK, 2018).
[23] R. A. Klemm and J. R. Clem, Phys. Rev. B 21, 1868
(1980).
[24] L. A. Turkevich and R. A. Klemm, Phys. Rev. B 19, 2520
(1979).
[25] V. I. Safonov, Int. J. Mod. Phys. B 7, 3899-3905 (1993).
